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INTRODUCTION

The plant pathogenic corynebacteria are a fascinating group of bacteria that
produce eff�:cts as diverse as any in the microbial world, ranging from wilts
to abnormal growths. Several new pathogens have been discovered since
this group was reviewed by Jensen (75), Starr (157), and Lelliott (96). Most
subsequent reviews have dealt with taxonomy. The areas covered in this
review necessarily reflect my biases and limitations. However, this review
attempts to be comprehensive in some areas, and it calls attention to other
areas that would benefit from more detailed investigation.
This revi(:w is limited to corynebacteria whose association with plants is
confirmed and to other bacteria for which taxonomic work indicates associ
ation or placement with known corynebacteria. Incompletely identified
corynebacteria have been reported and are not discussed here, such as the
495
0066-4227/82/1001-0495$02.00

496

VIDAVER

causal agents of brown-stem disease of beans (185), stunting and other
symptoms of soybeans (42, 114), cardamon blight (56), rotting yams (116),
and carnation rot [mixed infection with Pseudomonas caryophyl/i (12)].
Two other plant-associated coryneforms are excluded: the cytokinin-pro
ducing bacteria isolated from pine seedling roots that might be saprophytic
(79), and the specific coryneform that has been found in the leaf cavity of
the fern Azalia caroliniana in its symbiotic association with the nitrogen
fixing blue-green alga, Anabaena azollae (54), a phenomenon of unknown
significance.
Some general properties of these bacteria should be noted. These are all
Gram-positive, aerobic, pleomorphic rods (at some stage or condition of
growth). In contrast to most Gram-positive bacteria, but like other coryne
form bacteria [except Brevibacterium linens (51) and an unusual coryne
form (2)], the plant pathogenic coryneforms lack teichoic acid in their cell
walls (38,51). Most of these bacteria can be seed borne (129) or are trans
mitted by insects (67), and they have a restricted natural host range. These
bacteria are not considered soil, air, or water inhabitants, with the possible
exception of Corynebacterium/ascians (41 104); thei r survival depends on
association with plant material (141). The majority of the phytopathogenic
corynebacteria produce systemic, rather than localized, infections; only C.
fascians and the newly discovered bacterial wheat mosaic pathogen (14) are
in the latter category. These two pathogens also do not require injury or
wounding of plants to produce their effects, in contrast to the rest of the
group in which wounding is the predominant (if not the only) form of entry
into plants. Some of these properties are elaborated on below.
,

TAXONOMY

The bacteria in this group of plant pathogens present a continuing challenge
at all levels of taxa placement. There have been more studies on the tax
onomy of these bacteria in recent years than in any other area. Most of the
data and the rationale for placem ent of these bacteria into different taxa
have been recently reviewed (15, 40, 42, 77, 83, 155, 181, 187). Therefore,
only some general comments are made to orient the reader.
At the highest taxonomic level, Stackebrandt et al (155) propose that
most coryneforms (including single strains of two plant pathogenic species)
and actinomycetes form at least five unnamed clusters (families) of a single
order. They used comparative analysis of oligonucleotides in the ribosomal
16S RNA as a criterion of relatedness because it is generally agreed that
rRNA is more conserved than are other nucleic acids. DNA: DNA hybrid
zation, for example, yields little information on genetic relationships of
;pecies exhibiting homology values below 20% (154).
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Below the family level, the phytopathogens are currently retained within
the genus Corynebacterium (30). Whether this is appropriate is a matter of
considerable disagreement. The plant pathogens are in this genus because
historically all aerobic, nonsporeforming, irregularly shaped Gram-positive
rods (like C diphtheriae) were assumed to be related (75, 82). However,
recent studies show that all the plant-disease-associated coryneform bac
teria, with the possible exception of C. fascians, are significantly different
from C. d�/Jhtheriae, particularly in chemical composition (84).
The plant pathogenic bacteria have a G+C content of 65-76% compared
to 52-60% for C. diphtheriae (15, 28, 40, 169). There are different diamino
acids in the cell wall peptidoglycan of some species. These are L-lysine in
C. ilicis and possibly in C. rathayi; diaminobutryic acid in the C. michi
ganense group, C. iranicum, and C. tritici; L-omithine in the C. fa
l c
faciens grolllP; and meso-diaminopimelic acid in C. fascians and the human
pathogen C. diphtheriae (24, 84, 125). Three of the plant pathogens were
classified in a rare peptidoglycan group designated B2, based on cross
linkages between peptide subunits and the presence on an inter-peptide
bridge containing a n-diamino acid (138). In addition, examination of
vitamin K and its derivatives (menaquinones) showed that only C. fascians
has a menaquinone system with an 8-isoprene-unit side chain in common
with C. diphtheriae; the remaining plant pathogens have major menaqui
nones of 9 or 10 isoprene units (22-24, 190). Phospholipid analyses also
showed that only C. fascians shared phosphatidylethanolamine with C.
diphtheriae and its relatives; other plant pathogenic corynebacteria lack this
compound (88). There are also differences between C. diphtheriae and two
phytopathogenic corynebacteria in their 16S rRNA sequences (155). Wall
carbohydrate analyses (84) show differences in composition for different
strains of the same species; such differences are therefore unlikely to be
useful for taxonomic classification, but they may have significance in pa
thogenicity ,and other recognition phenomena. Cellular protein analyses by
single-dimension polyacrylamide gel electrophoresis also show significant
differences among certain plant pathogenic corynebacteria and the animal
associated C bovis (15). The groupings suggested by Carlson & Vidaver
(15) are con:,istent with the most recent and extensive DNA : DNA hybrid
ization studies, including plant pathogens (40). Collectively, then, the data
show that the plant pathogens as a group are not closely related to C.
diphtheriae and its relatives.
Differenc(ls among the corynefonn bacteria led to several suggestions that
the plant pathogenic corynebacteria be transferred into one or more genera
by the 1950s (75) and most recently into Arthrobacter, Curtobacterium,
Microbacterium, or Rhodococcus (40, 77, 84, 155). These conclusions are
supported by some numerical taxonomy studies based on phenotypic prop-
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erties [Level 4 of microbial expression (115)] (9, 32, 76, 103, 185) and
DNA: DNA hybridization (40). Dye & Kemp (43), however, question the
transfer of these bacteria into one or more of the suggested genera because
of considerable homology among them in phenotypic properties; they sug
gest that these bacteria be retained in the genus Corynebacterium for the
time being.
Thus, despite a growing and strongly supported view that Corynebac
terium is not an appropriate repository for the plant pathogens, even propo
nents of change say that "much more information on a large number of
strains is required before the creation of [other] genera can be contem
plated" (83). Keddie (82) concluded that it is still convenient to use the term
coryneform bacteria to define "a broad morphological group, sometimes
imperfectly, but [it] does not imply relatedness within it." For purposes of
this review, the plant pathogens are retained within the genus Corynebac
terium.
Below the generic level, recent studies show that some currently de
scribed species (147) do not have sufficient differences among them to justify
their recognition as distinct taxa at the species level (15, 40, 43). There is
disagreement, however, whether the differences found among them warrant
taxon placement at the subspecific level (15) or at the infrasubspecific level
of pathovars (43). The data of Carlson & Vidaver (15) led them to formally
propose the following new combinations: C. flaccumfaciens ssp. flaccum
faciens; C. flaccumfaciens ssp. poinsettiae; C. flaccumfaciens ssp.betae; C.
flaccumfaciens ssp. oortii; C. michiganense ssp. michiganense; C. michi
ganense ssp. nebraskense; C. michiganense ssp. insidiosum; C. michiganense
ssp. sepedonicum. A new taxon C. michiganense ssp. tessellarius was also
proposed.l Taxa that remained unchanged are C. fascians, C. ilicis, C. tritici,
C. iranicum, and C. rathayi. This classification is generally consistent with
the DNA; DNA hybridization data of Dopfer et al (40). Thus, it is my belief
that this classification is the most useful at the present time and is likely to
be accepted by plant pathologists and microbiologists; hence, it is used here.
There are occasional anomalies in reports of plant pathogenic corynebac
terial species. C. ilicis, which causes a disease of holly, apparently has only
been seen once (99, 100). Some of the corynebacteria classified with plant
pathogens either have not been reported as plant pathogens ["c. medi
olanum," (155)] or were reported once and are no longer available in known
culture collections ["c. agropyri" and others (30)]. These species are not
in the 1980 Approved Lists of Bacterial Names and consequently have no
as C. f ssp. flaccumfaciens, C. f ssp. poinsettiae, C.
ssp. michiganense, C. In. ssp. insidiosum, C. In. ssp.
ssp. nebraskense, and C. m. ssp. tessellarius.

'Hereafter, these names are abbreviated

f ssp. betae, C. f ssp. oonii, C.
sepedonicum, C.

m.

In.
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standing in the literature. "c. agropyri," however, was recently isolated
from a 37··year-old herbarium specimen (106a); its relationship to other
plant pathogens can now be determined. C. rathayi and C. trilici were
inadvertently left off the Approved Lists and have been revived (15) on the
basis of dijferences between them and other species.
The classification of other plant-associated corynebacteria is not clear.
Recent infbrmation on the sugarcane ratoon stunting bacterium (33, 98)
suggests that this coryneform is similar to several known pathogens in
having a high G+C (67-68%) and diaminobutryate in the cell wall (M. J.
Davis, personal communication). Kao et al (80), however, report 60%
G+C and both ornithine and lysine in the cell wall. It is not clear whether
or not diffe:rences in methods and strains account for these discrepancies.
And it will be of interest to know how a newly isolated coryneform asso
ciated with leaf scorch of grape (D. C. Gross, personal communication) is
related to the other corynebacteria.
All coryneform pathogens except C. fascians are generally host specific
under natural conditions (see Table 1), a fortuitous situation, as disease
diagnosis and pathogen identification are virtually certain if the host is
known (see 180, 181). For relatively quick pathogenicity determinations,
alternate hosts may be more convenient, e.g. eggplant can be used to test
C. m. ssp. sepedonicum strains (see 29). There is some difficulty, however,
in easily distinguishing the plant pathogens in culture independent of the
host plant, but motility, pigmentation, colony morphology, and growth on
triphenyl tetrazolium agar usually serve to distinguish the pathogens com
monly found in the USA (180).
Morphological differences and mode of cell division are questionable
criteria in the classification of corynebacteria, including plant pathogens
(82, 155). For example, electron micrographs of C rathayi cultivated in
vitro can show a simple rod form whereas the same culture from plants
shows pleomorphism characteristic of coryneform bacteria (6). It is by no
means clear how one should decide which is correct or typical.
Colony pigmentation can be a useful aid in identification of plant patho
genic corynl�bacteria, but pigment analysis is of unproven value in classifica
tion. The majority of these bacteria are pigmented in shades of yellow or
orange on complex media, but other colors are sometimes seen from freshly
isolated material or after extensive cultivation (52, 160; R. R. Carlson & A.
K. Vidaver, unpublished results). The water-insoluble blue pigment indigoi
dine (89) can assist in identifying C. m ssp. insidiosum when it is present.
A water-soluble extracellular purple pigment can be produced by some
strains of C f ssp. flaccumfaciens (143). The lipid-soluble pigments of
coryneform bacteria have been recently reviewed (105); the plant pathogens
C. f ssp. poinsettiae, C. m. ssp. michiganense, and C. fascians all have
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carotenoids that appear to differ from one another. However, as no system
atic studies of pigments have been reported, the utility of pigments in
classification is still an open question.
Rapid and specific identification may be possible by two methods. Sero
logical identification of specifc corynebacteria has produced contrasting
results (see 34, 66, 136). It is not clear whether such results are due to the
specific immunogen or strain, its age, condition or treatment prior to immu
nization (e.g. 19), or to variables in the techniques employed. It is clear that
sera prepared against one pathogen can cross-react with taxonomically
closely related and distantly related corynebacteria (e.g. 29, 34, 136). In
view of the high degree of similarity among many of the plant corynebac
teria (15,43),such cross-reactions may be expected. For the ratoon stunting
organism, however, specific antisera have been obtained (M. J. Davis, per
sonal communication). The convenient, though less sensitive, latex-aggluti
nation test (149) is currently being used as much as indirect fluorescent
antibody techniques (34). There are differences of 1()4 in the sensitivity of
the indirect fluorescent antibody technique for rapid detection and pre
sumptive identification of C. m. ssp. sepedonicum (35, 148), perhaps due
partly to differences in sampling or concentration of antigen or antibody.
The advent of monoclonal antibody techniques may allow for the prepara
tion of specific antibodies for the corynebacteria. This would enable some
of the problems in serological identification and specificity to be resolved
in the near future. The second method, bacteriocin production, offers prom
ise of specific and relatively rapid identification of the majority of strains
and species of phytopathogenic corynebacteria (64), but confirmation is
needed.
HABITATS, ISOLATION, CULTIVATION,
AND GROWTH

Since this area was reviewed recently (181), only highlights are mentioned
here. In general, the corynebacterial plant pathogens are studied because of
their economically important associations with plants, including latent in
fections by C. m. ssp. sepedonicum (7,29, 70, 150) and C. f ssp. jlaccum
jaciens (170). Survival requires association with diseased plants or residue
materials (108, 139, 141). With the possible exception of C. jascians (104,
139), these bacteria are considered poor survivors in soil. This could be due
to the action of other microorganisms, such as rhizobia, Bacillus, or Ar
throbacter sp., which produce antibiotic-like substances in vitro (62, 69).
Soil survival studies of corynebacteria can be criticized on several grounds:
lack of inoculum quantitation, unspecified growth state of the inoculum, use
of genetically unmarked bacteria [except one study of C. m. ssp. insidiosum
(111)], indirect recovery using plants as bait, and ignorance of detection
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Table

1

Dis,eases caused by plant pathogenic corynebacteria

Bacteriuma

C.

fascians

Natural hos t

Predominant symptoms

References b

General: annuals,

Leaf, bulb distortion; bud

30,41

perennials

C.

flaccumfaciens

deformity; proliferation

Field bean

Wilt

41

Beet

Silvering of leaves; wilt

30

Tulip

Leaf, bulb spot; wilt

30

Poinsetti a

Leaf spot; wilt

30

C. ilicis

American holly

Shoot, branch blight

99

C. iranicum

Wheat

Yellow slime of leaves, in-

30

ssp. flaccumfaciens

C. flaccumfaciens
ssp.

betae

C. flaccumfaciens
ssp.oortii

C. flaccumfaciens
ssp.

poinsettiae

florescences; leaf spots

C.

michiganellSe

Tomato pepper

Wilt, fruit spot

Alfalfa

Wilt, stunting

Corn

Wilt, leaf blight

Potato

Wilt, tuber rot

Wheat

Leaf spot

14

Cocksfoot grass,

Yellow slime of leaves,

10

41,160

ssp. michiganense

C. michiganense
ssp.

insidiosum

C. michiganense
ssp.

nebraskense

C. michigane11'se

30,41
140,146a
41, 101, 144

ssp. sepedo11'lcum

C. michiganense
ssp. tessellarius

C.

rathayi

annual ryegrass

C. tritici

Wheat

inflorescences
Yellow slime of leaves,

5,11

inflorescen ces
Ratoon stunting

Sugarcane

Stunting

33

bacterium
aSee text for classification rationale. Only bacteria currently in culture collections are
listed.
b A current (!ompilation of disease descriptions is not available; these references will en·
able interested readers to obtain representative descriptions. Commonwealth Mycological
Institute descriptions (e.g. ref. 10, 11) are available for many of these pathogens.

limits. All of these bacteria can be isolated from both infected and infested
seed, tubers, or bulbs (41, 139, 180; Carlson & Vidaver, unpublished re
sults), partil;ularly if material is obtained from areas of known infection.
C jascians can be difficult to isolate from leafy-galls (93) and bulbs (176)
and may require enrichment through an intermediate host plant (139, 176).
Epiphytic survival on, and natural infection of, weeds has been reported for
C. m spp. nebraskense (140). c. j ssp. flaccumfaciens (see 141), and C.
m. ssp. michiganense (160; 171); whether or not weeds are hosts for the
remaining pathogens is not known. At least some of these pathogens can
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survive in untreated water for many hours [C. rathayi, reported in Kuznet
sov et al (91)] or even weeks [C m. spp. nebraskense (158)], suggesting that
this may be a source of inoculum. Secondary sources of inoculum are less
well studied. C m. ssp. sepedonicum survives on the surfaces of potato
handling equipment; this plays an important role in its epidemiology (e.g.
107, 109). No airborne survival studies have been published, to my knowl
edge. Thus, for all practical purposes, infected seed, tubers, bulbs, and
plants are the primary sources of inoculum and also are source material for
isolation of the bacteria.
Growth of the phytopathogenic corynebacteria on complex media is
relatively slow, ranging from about 3 days for visible colony formation of
C f ssp. fa
l ccumfaciens
of the fastidious ratoon stunting bacterium (15, 33, 43, 96, 98) at optimal
growth temperatures ranging from 23 to 28°C. Such slow growth and the
relative lack of selective media have hampered ecological studies (181). The
selective media devised for C m. ssp. nebraskense (63), C m. ssp. sepedoni
cum (151), and C m. ssp. michiganense (78) delay colony formation lor
more days. An improved selective medium for C m. ssp. sepedonicum and
selective media for other corynebacteria are in the process of development
(M. Sasser, personal communication). These are needed and should prove
useful in determining the survival and spread of these bacteria in various
habitats. Soil, air, and water sampling for pathogens should then be feasible;
these potential avenues of spread have been virtually ignored by investiga
tors because of the limitations of current isolation procedures in which the
majority of saprophytic bacteria outnumber and outgrow the pathogens.
Nutritionally, not many advances have been made since Starr's (156)
pioneering study of these bacteria. He found C fascians strains to be least
fastidious, requiring only thiamine as a growth factor, whereas thiamine,
biotin, and pantothenate were required for growth of C f. ssp. ./laccumfaci
ens and C f ssp. poinsettiae in a minimal salts, amino-acid medium. Thus,
it is interesting that Keddie et al (85) found the same requirements needed
by herbage isolates but not soil coryneform bacteria. For the related patho
gens, C. m. ssp. michiganense, C m. ssp. insidiosum, and C. m. ssp.
sepedonicum, amino acids, thiamine, biotin, and nicotinic acid (niacin) were
required (156). Lachance (94) confirmed these requirements for C m. ssp.
sepedonicum. In view of the close taxonomic relationship of these bacteria
to C. m. ssp. nebraskense and C. m. ssp. tessellarius (15), it is not surprising
that the same three growth factors were highly stimulatory (R. R. Carlson
& A. K. Vidaver, unpublished results) in a purified agar minimal salts
medium (178).
Amino acid requirements for growth have been examined even more
sparsely (see 30). L-Methoinine is required by C m. ssp. sepedonicum (73),
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C. m. ssp. nebraskense, and C. m. ssp. tessellarius (R. R. Carlson & A. K.
Vidaver, unpublished results) and it is highly stimulatory for C. t ssp.
flaccumfaciens (130). In this regard, Owens & Keddie (119) reported that
the amino acid requirement of 23 out of 38 herbage coryneforms could be
satisfied by L-methionine alone in a basal salts medium with vitamins and
inorganic nitrogen. These results suggest a close relationship between these
bacteria and the plant pathogens. It is also interesting that 0.3 mM cystine
and cysteine inhibited a strain of C. m. ssp. sepedonicum (73); unfortu
nately, potato tubers have not been found to contain these amino acids in
such high I�oncentration (73). L-Cysteine was also inhibitory for C f ssp.
flaccumfaciens (130).
The only biochemical studies of metabolism in this group of bacteria deal
with the examination of carbohydrate dissimilation. These are all aerobic
organisms and oxidize glucose in conventional ways. Zagallo & Wang (193),
using radiorespirometric methods, showed that a single strain of C. tritici
was metabolically similar to a strain of Arthrobacter globiformis in primar
ily using the Embden-Meyerhof-Parnas pathway, and to a lesser extent the
hexose monophosphate pathway, whereas in a strain of C. m. ssp. sepedoni
cum both pathways appeared to be equally important in glucose dissimila
tion. There: are also reports of a pentose cycle in C. m. ssp. michiganense,
C. t ssp. fa
l ccumfaciens,
(194). More data are needed on major metabolic pathways, both anabolic
and catabolic, for other strains and species.
PATHOGENICITY FACTORS

The phytopathogenic corynebacteria probably cause all or part of their
pathogenic effects by the production of various metabolites, including "tox
ins," polysaccharides, hormones, and possibly enzymes (31, 122, 163, IS1).
More is klllown about the chemistry of such compounds than of their
biosynthesis and modes of action.
The first reports of extracellular polysaccharides in phytopathogenic
corynebacteria was by Gorin & Spencer (59), who examined named strains
(NCPPB) of C. m. ssp. michiganense, C m. ssp. sepedonicum, C m. ssp.
insidiosum, C fascians, c. t ssp. fa
l ccumfaciens,
The strains produced polysaccharides differing markedly in sugar content
and composition. Subsequently, some of these compounds were shown to
be large peptidyl glycans of about 2 X 1Q4 to 5 X 106 daltons; those isolated
from strains of the taxonomically related bacteria C. m. ssp. insidiosum (59,
131, 132), C m. ssp. sepedonicum (59, 161), and C. m. ssp. michiganense
(127, 12S) (;ould cause wilting of plants. According to Gorin & Spencer (59),
these compounds contained high concentrations (29-46%) of fucose, al

-
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though Strobel and associates, using unidentified strains, found little or no
fucose in C. m. ssp. sepedonicum (162, 165) and differing quantities in C.
m. ssp. insidiosum strains (131, 132). Fucosyltransferase activity, possibly
involved in biosynthesis of the polysaccharide material, was reported in a
culture of C m. ssp. insidiosum (134).
The polysaccharide structure from a single strain of C. m. ssp. insidiosum
appears to be a polymer of D-glucose, D-galactose, L-fucose, and pyruvic
acid residues (60), whereas a e. m. ssp. sepedonicum polysaccharide was
reported to consist largely of mannose, glucose, galactose, and 2-keto-3deoxygluconic acid (165). The latter results differ from those of Gorin &
Spencer (59), who found a preponderance of galactose, glucose, and fucose
in NCPPB 9850. These nonspecific wilt-inducing macromolecules were all
isolated from stationary phase cultures; compounds that produced similar
wilting activity were isolated from plants infected by C. m. ssp. sepedoni
cum (153, 162) and C. m. ssp. insidiosum (132, 153). Ultrastructural
membrane and cell wall damage was reported by Strobel & Hess (164) for
cut tomato stems treated with 10 mg of e. m. ssp. sepedonicum "toxin" per
ml for 2 hr and for potato stems sampled 4 to 5 weeks after inoculation with
the same organism (71). Other workers have not detected any physiological
(175) or ultrastructural (184) evidence of membrane damage in either alfalfa
cuttings treated with low concentrations of C. m. ssp. insidiosum "toxin"
(175) or in infected alfalfa plants (37) or infected tomato plants (184). In
the Van Alfen & Turner (175) study, as little as 2 p.g of toxin forced into
the stem resulted in a marked (19%) decrease in water conductance, and
200 p.g/ml was effective in visible wilting. No evidence of mechanical
plugging was detected either by conductivity studies (37) or by electron
microscopy (184). There is rather convincing evidence that the only require
ment for effectiveness in wilting is large size (173, 174). The claim by Strobel
and associates (159) that the wilt toxin of C. m. spp. insidiosum can be used
to differentiate susceptible and resistant alfalfa varieties has not been con
firmed (55, 174). All the above considerations, and the numerous internal
qualitative and quantitative inconsistencies detailed by Daly (31), make it
difficult to have full confidence in the work of Strobel and associates (71,
127, 128, 131, 132, 134, 159, 161-164).
Electron microscopy showed that membrane damage to chloroplasts was
the earliest detectable site of damage (D. W. Fulbright, personal communi
cation) with the newly described, presumably nonvascular, wheat pathogen,
e. m. ssp. tessellarius (14, 15). This observation is consistent with the
appearance of irregular chlorotic spots characteristic of this leaf disease.
Whether or not toxin is involved in this phenomenon remains to be deter
mined.
Three corynebacterial pathogens, e. rathayi, C. tritici, and C iranicum,
secrete copious quantites of gums (apparently polysaccharides) onto infected
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leaves and developing seeds; C. rathayi-infected plants can have toxicity to
grazing anImals, especially sheep (5).
The C. rathayi toxic factor(s) can be efficiently isolated from annual
ryegrass (Lotium rigidum ) galls that are induced by nematodes (see below)
and colonized by bacteria (182). The toxic factor can be less efficiently
isolated from inoculated ryegrass (Lolium multiflorom ) endosperm tissue
cultures (166). Stynes & Petterson (166) suggested that the low concentra
tion of toxin produced may be due to either the use of a nonoptimal grass
species or a nonoptimal physical and chemical environment for the tissue
culture: bal:::terium interaction. It is also possible that different strains of
the bacterium could produce differing quantities of toxin. No toxin pro
duction was detected by the bacteria in vitro with any of 10 culture me
dia, nor was toxin isolated from the culture media or uninoculated plant
cell cultures (167). Thus, bacteria are required for toxin production.
Whether the bacterium induces the plant to produce a toxic substance

or vice versa is not yet clear. These studies show the possibilities not
only of obtaining toxin in quantity and studying its biosynthesis under
controlled conditions, but they also offer the potential of an in vitro assay
for testing plant breeding material for resistance to the bacteria or toxin
production.
Partially purified glycoplipid toxin fractions have been isolated from C.
ra tha yi in�ected plants (182); a minimum lethal dose for nursling rats was
less than 5 JLg for six of eight fractions tested. The toxic gall material was
purified by reverse-phase high performance liquid chromatography
(HPLC) to yield a group of eight compounds; control extracts of normal
rye grass seeds proved to be nontoxic and did not give any high performance
liquid chromatography traces typical of the toxic mixture (182). (However,
neither controls of nematode galls alone or toxin produced in tissue culture
was reported.) All eight compounds were principally glycolipids. The two
main toxin fractions, designated corynetoxin 3 and 4, contained 3-hydroxy
heptadecanoic acid and heptadec-2-enoic acid, respectively, as principal
components. Each also contained an amino sugar, suggested as glucosa
mine, and all eight compounds contained residues presumed to be either
uracil or cytosine. In this regard it is of interest to note that the wilting
material isolated by Pearson (124) for C. m. ssp. sepedonicum contained
an estimat,ed 10--30% nucleic acid and was inactivated by DNase and
RNase in eombination (not tested separately). The role of the C. rathayi
toxin in ryl� grass toxicity of animals seems firm; whether or not any of the
toxic fractions have any effects on plants has not yet been reported.
Many questions remain as to the role of toxic antimetabolites in pa
thogenicity. It needs to be pointed out (192) that the majority of criteria
used to evaluate the pathological significance of toxins, including symptom
production, presence in plants, kinetics of production during disease devel-
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opment, and correlation of biosynthetic rate with virulence, are logical but
inconclusive as primary lines of evidence. Genetic analyses are needed for
definition of the role of toxins in disease (192). The same, of course, can be
said for other pathogenicity factors.
The abnormal growth characteristics of leafy galls or fasciation (distor
tion of flowers or stems) associated with C. fascians infections are undoubt
edly due to one or more of the plant hormones it can produce; this topic
was recently reviewed (181). The relationship of hormone production to the
presence of a "large plasmid" is tenous (106); its loss in one of four strains
was correlated with loss of virulence. No association between pathogenicity
and plasmid presence was detected in other strains (E. N. Lawson & M. P.
Starr, manuscript in preparation).
Evidence for enzymatic activity as a pathogenicity factor is indirect.
Ultrastructural studies of tomato plants infected with C. m. ssp. michi
ganense showed plant cell wall degradation occurring before any visible
symptoms (184). Both cellulytic and pectolytic enzymes were implicated in
progressive breakdown of cell walls and middle lamella, respectively. Histo
chemical and fluorescence microscopy of naturally infected tomatoes
showed middle lamella, rather than cell wall, breakdown (102). As the
breakdown occurred in the apparent absence of bacteria in both studies,
enzymes would have to be transported in the conducting tissue to target
sites. Pectolytic enzyme production has been reported for strains of C. m.
ssp. michiganense in vivo (123) and in vitro (72, 123). In the latter case,
pectolytic activity was detected at low, but not high, pH. The negative
report of pectolytic activity by C. m. ssp. sepedonicum (121) may be due
to high pH in the test medium. Patino-Mendez (123) also detected cellulase
activity from infected plants and in vitro, whereas Goto & Okabe (61)
detected cellulolytic activity in vitro by C. m. ssp. sepedonicum. Electron
microscopy of beans infected with C. f ssp. flaccumfaciens also showed
damage to the xylem and decomposition of the middle lamella prior to
wilting (39). In the cases cited, however, localized membrane damage can
not be excluded. Yet, in C. m. spp. insidiosum -infected alfalfa plants,
membrane damage was not detected physiologically (see above), and, as
with the other cases cited, there was no relationship between the site con
taining the largest concentrations of bacteria and site of damage (37). An
unidentified macerating agent has also been reported from C. betae (86).
Earlier histological work on the vascular pathogens C. m. ssp. sepedonicum,
C. m. ssp. michiganense, C. m. ssp. insidiosum, C. f ssp. flaccumfaciens,
and C. f ssp. poinsettiae, as summarized by Nelson & Dickey (113), is
generally consistent with the interpretation of enzymatic activity preceding
bacterial appearance. The complexities of investigating the degradation
of plant cell walls and membranes has been reviewed by Bateman &
Basham (4).
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Another possible pathogenicity factor may be the production of surfact
ants to promote adhesion to plant surfaces and possibly to enhance entry
into plant cells. Thus, it is intriguing that Akit et al (1) found all six C.
fasdans strains tested produced biosurfactants from hexadecane supple
mented media, since this bacterium is considered to be principally a surface
inhabitant of plants (41, 139). However, a strain of C m. ssp. insidiosum
produced the most surfactant of any bacteria tested. Strains of C m. ssp.
michiganense, C f. ssp. pOinsettiae, C. rathayi, and C. tritid did not pro
duce any detectable surfactant. Nonpathogens were also tested and pro
duced varying amounts of surfactant, showing that there was no correlation
between this property and pathogenicity. Surfactants were detected by
reduction of both surface tension and interfacial tension of liquid cultures
compared to controls, as well as by critical micelle concentration. Prelimi
nary work, based on pentane extraction, suggested that the surfactants were
neutral lipids (1).
The presence of pili has not been reported for phytopathogenic coryne
bacteria, probably because no one has looked for them. In human and
animal corynebacteria, the 11 species examined had pili, with variations in
the number per cell and percentage of piliated cells (191). Pili are associated
with virulence in some animal pathogens (152). Thus, it would be of interest
to learn of their presence or absence and biological significance in the plant
pathogens.
Environmental factors sometimes crucially affect disease development.
Temperature and humidity can have either synergistic or antagonistic
effects on symptom expression, as can pollution. Surprisingly, sulfur dioxide
partially inhibited lesion development by C. m. ssp. nebraskense in corn
without afiecting healthy plants (95).
THE ROLE OF NEMATODES IN PLANT DISEASES
ASSOCIATED WITH CORYNEBACTERIA

Certain phytopathogenic corynebacteria are unusual in that nematode
transmission is required for characteristic disease development under natu
ral conditions. In these diseases, neither the bacterium nor the nematode
alone account for disease, although some growth distortions can occur with
either the nematode or sometimes with the bacterium alone. The most
dramatic example of such interactions is that of the nematode Anguina
agrostis and C rathayi, the only complex that continues to be a serious
problem. The association results in both a plant disease, yellow slime, and
a neurological animal disease, rye-grass toxicity (5). The disease is charac
terized by a yellow slime or gumming symptom in the upper parts of plants,
especially the inflorescences. Dwarfing, distortion, and yellow seed galls are
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also seen (5, 10). At maturity the galls will contain a predominance of either
nematodes or bacteria, even though all galls are induced by nematodes
(167). Vessels and parenchyma are invaded by the bacteria (10) and several
genera of grasses are susceptible (5). Animals feeding on infected galls or
grass stubble can experience neurotoxicity; in sheep this includes stagger
ing, collapse, and periods of violent convulsions until death (see 5). The
toxic agent(s) can be isolated from infected galls as well as from callus tissue
(see preceding discussion).
Other examples of nematode: bacterium interactions are less well studied.
Yellow slime or "tundu" disease of wheat requires the presence of Anguina
tritid (11, 168). As above, this nematode forms a characteristic seed gall,
as well as producing distinctive curling leaves with gummy exudates. The
nematode acts as a vector for the bacterium, which produces slime. In
addition to gumming of leaves, seed production is impaired. Despite its
similarity with the annual rye-grass syndrome, there is no evidence of
mammalian toxicity. The "cauliflower" syndrome of strawberry (126) also
requires the presence of a nematode, Aphelenchoides ritzemabosi, and C.
fasdans for characteristic disease; neither agent alone is sufficient. Unlike
C. rathayi and C. tritid, however, there is ample evidence for C. fasdans
as a pathogen per se (41, 104). The ecology of the former species is largely
unknown.
Not surprisingly, disease may be more severe in the presence of nema
todes that weaken the plant physically or physiologically. Tomato canker,
caused by C. m. ssp. michiganense, is more severe in some plant cultivars
in the presence of Meloidogyne incognita (36). Similarly, in a wilt-suscepti
ble cultivar, the number of C. m. ssp. insidiosum -infected alfalfa plants may
increase in the presence of Ditylenchus dipsaci (68).
GENETICS

The genetics of plant pathogenic corynebacteria are largely unknown; the
same can be said for closely related bacteria. The topic is singled out for
discussion because of optimism for the future, since no gene transfer sys
tems have been reported, much less any substantive data.
Plasmids have been found in many species and subspecies (65, 106; E. N.
Lawson & M. P. Starr, manuscript in preparation), but there is, as yet, no
clear association between their presence and phenotypic properties of pa
thogenicity, bacteriocin production, drug resistance, or ability to grow on
unusual hydrocarbons.
Chromosomal genetic studies are also very limited. There are reports of
auxotrophic mutants of C. fascians (74) and C. m. ssp. michiganense (49).
The former group obtained mutants with single requirements for glycine,
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aspartic acid, arginine, methionine, creatine, or adenine, whereas Ercolani
(49) obtained mutants requiring valine, methionine, or alanine. In each
case, the mutants were unable to infect and grow in plants or induce typical
symptoms unless the appropriate amino acid or base was supplied exoge
nously. None of the amino acids had any effect on the infectivity of mutants
if these were supplied to the plants 6 days after inoculation, corresponding
with a decrease in auxotroph survival. Thus, the absence of bacterial growth
in plants could be ascribed to inadequate nutrition, as with other plant
pathogenic bacteria (e.g. see 49). It would therefore be of interest to know
whether avirulent prototrophic mutants could still attach or whether subse
quent steps. in the infection process were affected. It would not be surprising
to find that, as with many other bacteria, the capsule or cell wall contained
necessary virulence factors. However, in one case, extracellular gums
seemed to be produced as readily by both a virulent parent and avirulent
derivative of C. m. ssp. insidiosum (19). Chemical characterization was not
done and would be required to detect any differences in gum composition
or structure between the strains.
Natural or induced colony morphology or pigment changes have been
correlated with loss of virulence in some cases but not in others (3, 17, 52,
74, 92, l35, 142, 160, 179; R. R. Carlson & A. K. Vidaver, unpublished
results). A colorless derivative of C f ssp. poinsettiae (90) was more
sensitive to ultraviolet light than was the pigmented parent; similar results
have been reported for other bacterial genera.
Freshly isolated bacteria vary in virulence when tested for pathogenicity
(e.g. 104, 160, 179). The data suggest that differences in regulation of
virulence factors occurs or that more than one gene or pathogenicity factor
is involved in disease. It may be that a limited number of nonallelic genes
are involved in pathogenicity since no race variation, or specificity asso
ciated with plant cuItivars, has so far been reported, unlike the case for
several Gram-negative pathogens. A decline in virulence of cultures main
tained on agar is frequently reported for the C michiganense subspecies (16,
47, 110, 142, 160).
There is still the challenge of finding any means of genetic transfer in
these bacteria. The recent report of a plasmid marker in the animal patho
gen C diphtheriae (137) is a hopeful sign that successful genetic studies
with these bacteria will be as forthcoming as they have been for other
Gram-positive bacteria.
BACTERIOPHAGES AND BACTERIOCINS

Bacterial viruses have been isolated for some of the phytopathogenic
corynebacteria. Most of the phages have been reported for members of the
taxonomic group belonging to C michiganense: C m. ssp. michiganense
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(46, 183); C. m. ssp. insidiosum (25); and C. m. ssp. nebraskense (146; Y.
Shirako & A. K. Vidaver, manuscript in preparation). There are also re
ports of phages for C. f ssp. fiaccumfaciens (87) and C. rathayi (cited in
10). The characterized phages had relatively long latent periods, low burst
sizes, and morphologies similar to the Hexous-tailed types reported for C
diphtheriae.
It is interesting that no virulent phages have been found for C m. ssp.
sepedonicum, with the possible exception of an uncharacterized "transmis
sible lysin" ( l69a). This may be due to a type of resistance (immunity), as
suggested for some phytopathogenic Erwinia sp. (21), or the particular
enriching strain employed; e.g. samples apparently devoid of phage for one
enriching strain yielded several phages for another strain of Xanthomonas
campestris pv. phaseoli (A. K. Vidaver, unpublished results). It is not
known whether phage-like particles associated with C. m. ssp. sepedonicum
are temperate or defective phage, since no biological activity was reported
(172).
No evidence of lysogeny has been reported, yet this is a matter of intrigu
ing interest in view of the toxigenic properties carried by temperate phage
of C. diphtheriae (120).
Bacteriocins are prevalent among this group of corynebacteria (45, 64,
112), but they are not well characterized except for some specificity data
and general physical and biochemical properties.
CONTROL

Broadly speaking, control of plant pathogens can be categorized into chemi
cal control, biological control, use of resistant varieties, cultural practices,
and physical control (26). The principal forms of control for phytopatho
genic corynebacteria have been sanitation, cultural practices, seed and tuber
certification programs (145) that test for the presence of the organism, and
plant breeding for resistance. Chemical control has been effectively used
only to interrupt the chain of transmission of the potato ring rot bacterium,
C. m. ssp. sepedonicum, by disinfecting equipment, tools, and sacks with
formaldehyde or quaternary ammonium compounds (97, 117, 144). Heat
treatment is used commonly to reduce populations of the ratoon stunting
bacterium in vegetatively propagated sugarcane (M. J. Davis, personal
communication). Biological control is in preliminary stages of development.
Echandi (44) found that a nonpathogenic mutant of C. m. ssp. michi
ganense protected tomato plants significantly against subsequent challenge
by a pathogenic strain, whereas Oruinbaev (118) reported a 2-8% reduction
of ring rot, with increased germination, plant height, and yield by treatment
of tubers prior to planting with an unidentified actinomycete. In vitro
antagonists of C. m. ssp. insidiosum (69) and C. m. ssp. nebraskense (62)
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have also been reported, but their significance under natural conditions is
unknown.
For microbiologists, there are some curious features to breeding for
resistance that should be pointed out. To breed for alfalfa wilt resistance,
for example, an otherwise undescribed mixture of wild-type strains of C. m.
ssp. insidiosum has been used as the inoculum. This mixture is preserved
from season to season by freezing roots of infected plants, presumably
because pure cultures lose virulence (47). Nevertheless, enduring resistance
(> 25 years) has been found for this disease. This may be because of the
multigenic nature of resistance and the heterogeneity of alfalfa cultivars.
This analysis may be valid because resistance is defined as satisfactory if
46% of the variety is resistant to wilting (see 27). The difficulty of breeding
for resista'nce to alfalfa wilt is compounded by the discovery that the
agronomically desirable property of nitrogen fixation can actually decrease
in some resistant breeding material (177). In addition, the mechanism of
plant resistance is not known in any of the corynebacterial diseases. One
possible base from which to begin such analyses is suggested by the finding
that sap from resistant tomato (53) is inhibitory to C. m. ssp. michiganense.
In analysing resistance, plant breeders have not used quantal responses
(Le. healthy or diseased) as a criterion of resistance. Yet infectivity titrations
analyzed this way in tomatoes have potential usefulness in determining not
only varieties resistant to the tomato canker bacterium C. m. ssp. michi
ganense (8, 48), but also the heterogeneity of resistance (48). Resistance to
canker in tomatoes seems to be controlled by multiple genes in complex
arrangements (133).
Cultivars resistant to other diseases are not in use for several reasons.
Disease-resistant cultivars have been developed for the potentially devastat
ing disease, ring-rot, of potatoes, but have not achieved economic promi
nence (101). There is concern that such cultivars, if used commercially, may
serve as disease carriers because of possible latent infections with the causal
bacterium, C. m. ssp. sepedonicum (29, 70, 150). Very high populations
(106 CFU/g) can be reached without showing symptoms even in susceptible
cultivars (7). Field beans resistant to the wilt-inducing C. J. ssp. flaccum
faciens also have been developed (see 27), but they are not used commer
cially because the disease does not currently limit production. Germplasm
resistant to bacterial mosaic of wheat also has been identified (J. H.
McBeath, personal communication); whether or not it will be used in plant
breeding d1epends on disease incidence and severity. In field com, resistance
to Goss's wilt and blight (caused by C. m. ssp. nebraskense ) was identified
and incorporated into commerical varieties soon after the disease was re
ported (13); the genetic basis of resistance is not yet known. However, as
resistant cultivars do not yet yield as well, susceptible cultivars are still
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widely grown. In contrast, popcorn cultivars have shown little resistance
(186). In all the cases cited, strains of bacteria that might overcome resis
tance have not yet been detected. This durability of resistance may be due
to the complex nature of resistance, a complex of environmental conditions,
or a mutation(s) in the bacteria that has not yet occurred.
There are two reports of induced (as opposed to constitutive) resistance
of plants to corynebacteria. Carroll & Lukezic (18) found that alfalfa leaflets
infiltrated with cell suspensions of avirulent strains protected plants inocu
lated later with pathogenic strains. Even gnotobiotically grown plants
preinoculated in the roots with avirulent strains of C. m. ssp. insidiosum
protected against challenge pathogenic strains for up to 5 weeks (18). The
protective effect in leaflets and roots was localized at the site of interaction
between host cells and avirulent cells of C. m. ssp. insidiosum. The results
were specific for the avirulent inducer: Cell-free filtrates, other bacteria, and
killed or sonicated virulent cells would not protect. The obvious question
is whether specific cell components or living cells are required for this effect,
the chemical basis of which is unknown. Ercolani (50), on the other hand,
found that a heat-killed wild-type strain of C m. ssp. michiganense, as well
as Gram-negative bacteria, protected tomato against subsequent challenge
better than an auxotrophic derivative. He suggested that some step after
attachment to a multiplication site was necessary for induction of the
protective response. Whether or not compounds such as phytoalexins (a
class of nonspecific antibiotics produced by plants as a response to infection)
play any role in resistance needs to be determined. Four different purified
phytoalexins were inhibitory at low concentrations to seven Gram-positive
bacteria, including C jascians, but not Gram-negative bacteria (57). With
Gram-negative bacteria, either localized or systemic-induced resistance can
occur (e.g. 58). Obviously this is another area where more research is
needed because of the possibility for eventual practical application of in
duced resistance.
CONCLUDING REMARKS AND PROSPECTS
FOR THE FUTURE

The plant pathogenic corynebacteria are an intriguing group of microorgan
isms. Many general questions remain unanswered, such as their taxonomic
relationship to nonpathogenic coryneforms, their interactions with the envi
ronment, their metabolism, and their genetics. Other, more specific ques
tions were addressed in the text. There have been a number of important
developments in the last quarter century; these should serve as a basis for
future work.
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Finally, it should be mentioned that these bacteria may have useful
applications. The copious production of polysaccharides by the plant patho
genic corynebacteria might be exploited, as these may be as useful as xan
than gum, produced by the plant pathogen Xanthomonas campestris pv.
campestris. Industrial production of D-alanine by C fascians has been
proposed (188, 189), as has the production of cytokinins by the same
bacterium (l81). C f ssp. flaccumfaciens might be useful in steroid trans
formation, as it can hydrolyze steroids (20). The potential usefulness of
these bacteria should be evaluated.
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